Objective: Previous studies have replicated the association of variants within FTO (fat mass-and obesity-associated) intron 1 with obesity and adiposity quantitative traits in populations of European ancestry. Non-European populations, however, have not been so intensively studied. The goal of this investigation was to examine the association of FTO single-nucleotide polymorphisms (SNPs), prominent in the literature in a multiethnic sample of non-Hispanic White American (n ¼ 458), Hispanic American (n ¼ 373) and African American (n ¼ 288) subjects from the Insulin Resistance Atherosclerosis Study (IRAS). This cohort provides the unique ability to evaluate how variation within FTO influences measures of adiposity and glucose homeostasis in three different ethnicities, which were ascertained and examined using a common protocol. Design: A total of 26 FTO SNPs were genotyped, including those consistently associated in the literature (rs9939609, rs8050136, rs1121980, rs1421085, rs17817449 and rs3751812), and tested for association with adiposity and glucose homeostasis traits. Results: For the adiposity phenotypes, these and other SNPs were associated with body mass index (BMI) in both non-Hispanic Whites (P-values ranging from 0.015 to 0.048) and Hispanic Americans (P-values ranging from 7.1 Â 10 À6 to 0.027). In Hispanic Americans, four other SNPs (rs8047395, rs10852521, rs8057044 and rs8044769) still showed evidence of association after multiple comparisons adjustment (P-values ranging from 5.0 Â 10 À5 to 5.2 Â 10 À4 ). The historically associated BMI SNPs were not associated in the African Americans, but rs1108102 was associated with BMI (P-value of 5.4 Â 10 À4 ) after accounting for multiple comparisons. For glucose homeostasis traits, associations were seen with acute insulin response in non-Hispanic Whites and African Americans. However, all associations with glucose homeostasis measures were no longer significant after adjusting for multiple comparisons. Conclusion: These results replicate the association of FTO intron 1 variants with BMI in non-Hispanic Whites and Hispanic Americans but show little evidence of association in African Americans, suggesting that the effect of FTO variants on adiposity phenotypes shows genetic heterogeneity dependent on ethnicity.
Introduction
A group of highly correlated single-nucleotide polymorphisms (SNPs) in the first intron of the fat mass-and obesity-associated (FTO) gene originally showed evidence of association with obesity and adiposity-related quantitative traits in three separate studies of European-derived populations. [1] [2] [3] Multiple additional studies in Europeans and
European-derived cohorts have replicated the association of several of the variants in this region. [4] [5] [6] [7] [8] [9] [10] [11] It has, however, been difficult to replicate association of these SNPs in other ethnicities, including Asians [12] [13] [14] and African Americans. 3, 15, 16 In addition, only three studies have examined the association of FTO variants with adiposity phenotypes in a standardized manner in several ethnicities: the familybased Insulin Resistance Atherosclerosis Family Study (IRASFS; Hispanic and African Americans), 16 the family-based
GenNet study (European, Hispanic and African Americans), 3 and the Women's Health Initiative-Observational Study (European, Hispanic, African and Asians/Pacific Islander American women). 15 To date, no study has performed an in depth investigation of the association of FTO variants with both adiposity and glucose homeostasis measures in a multiethnic cohort examined using a common protocol. The goal of this study was to replicate the association of prominent FTO intron 1 SNPs with adiposity phenotypes and to test whether the SNPs are associated with measures of glucose homeostasis, that is, insulin sensitivity and b-cell function in the non-Hispanic White Americans, Hispanic Americans and African Americans of the Insulin Resistance Atherosclerosis Study (IRAS), a multiethnic study in which subjects were ascertained, recruited and examined using a common protocol.
Materials and methods

Recruitment
The study design, recruitment and phenotyping in IRAS have been previously described. 17 Briefly, US individuals of non-Hispanic White, Hispanic and African American descent were recruited to reflect an equal representation of glucose tolerance status (normal, impaired glucose tolerance and diabetic), ethnicity, sex and age (40-49, 50-59 and 60-69 years). This report includes 458 non-Hispanic White Americans, 373 Hispanic Americans and 288 African Americans who completed a frequently sampled intravenous glucose tolerance test, anthropometric measures, and who provided consent for genetic studies.
Adiposity and glucose homeostasis phenotypes
Measures of adiposity were obtained using standard methods and included height, weight, waist and hip circumferences. Glucose effectiveness, insulin sensitivity, acute insulin response (AIR) and disposition index (DI) were obtained using the frequently sampled intravenous glucose tolerance test with minimal model analyses (MINMOD). 18, 19 AIR was measured 8 min following glucose infusion as the mean insulin increment in plasma insulin concentration above the basal concentration. DI was calculated from the product of insulin sensitivity and AIR. Fasting plasma glucose and insulin are also available.
Genotyping
Genomic DNA was purified using PUREGENE DNA isolation kits (Gentra Inc., Minneapolis, MN, USA). Total genomic DNA was quantified using a fluorometric assay provided by a Hoefer DyNA Quant 200 fluorometer (Hoefer Pharmacia Biotech Inc., San Francisco, CA, USA). The DNA samples were diluted to a final concentration of 5 ng ml
À1
. FTO intron 1 variants in the region surrounding the SNPs associated with adiposity measures in the literature (60 kb region) were chosen using YRI HapMap (www.hapmap.org) tagSNPs with an r 2 threshold of 0.8 and minor allele frequency 45%. Next, these HapMap tagSNPs were incorporated in the CEU HapMap tagSNPs in order to cover variation in Caucasians. Genotypes for 26 SNPs were ascertained using the iPlex MassARRAY SNP genotyping system (Sequenom Inc., San Diego, CA, USA), which utilizes mass tagging to differentiate alleles. 20 
Statistical analysis
Maximum likelihood estimates of allele frequencies, departures from Hardy-Weinberg equilibrium proportions and linkage disequilibrium (LD) statistics were calculated separately for non-Hispanic White Americans (n ¼ 458), Hispanic Americans (n ¼ 373) and African Americans (n ¼ 288). Power calculations were performed to approximate the ability of the IRAS non-Hispanic White, Hispanic and African American cohorts to detect statistically significant differences in phenotypic values when compared with a previous report by Scuteri et al. 3 In order to accurately reflect the power estimates for the six SNPs prominently associated in the literature, a range of allele frequencies were used, and power was calculated using the program QUANTO.
21
In order to account for admixture in the Hispanic and African Americans of IRAS, two sets of ancestry informative markers were genotyped. For the IRAS African Americans, ancestral allele estimates were obtained from 70 ancestry informative markers genotyped in 44 Yorubans and 39 European Americans. For the IRAS Hispanic Americans, 56 ancestry informative markers selected from the literature were genotyped and ancestral allele frequencies were obtained from the Yoruba, European American and Chinese HapMap populations. Ancestral proportions and estimates were computed using the expectation-maximization algorithm as implemented in FRAPPE 22 and the Bayesian method implemented in the program ADMIXMAP. 23 Variants were tested for association with each quantitative phenotype using a linear regression model implemented in SAS (version 9.1.3, SAS, Cary, NC, USA). Diabetics were removed from the analysis of glucose homeostasis traits. For each phenotype, the two degree of freedom test of genotypic association was performed. In addition, three individual contrasts defined by a priori genetic models were computed: additive (as additional copies of the minor allele are inherited, the phenotypic effect significantly increases), dominant (one copy of the minor allele produces a
The FTO gene in a multiethnic sample MR Wing et al significant phenotypic effect) and recessive (two copies of the minor allele are necessary to create a significant phenotypic effect). Association tests for measures of adiposity and glucose homeostasis were adjusted for admixture, age, gender and additionally for body mass index (BMI). When necessary, quantitative traits were transformed to approximate the distributional assumptions of the test and to minimize heterogeneity of variance. A three-stage approach utilizing principle component analyses was used to adjust for multiple comparisons. This allowed for the estimation of the number of independent dimensions for each hypothesis while accounting for LD and trait correlations. The number of estimated independent dimensions for each hypothesis was used to determine a more precise hypothesis-specific Bonferroni adjustment. 24 The first stage identified SNPs with historical association in FTO intron 1. These SNPs were not adjusted because of the strong a priori hypothesis that FTO variants are associated with BMI. 1, 3, 5, 7, 8, 25 The second step computed a principal component analysis on the other SNPs in the region to determine how many independent dimensions exist (that is, accounting for LD) and applied a Bonferroni adjustment based on the number of independent dimensions for the trait BMI. The third step was designed to estimate the number of independent dimensions in the other phenotypes (that is, WAIST, WHR, SAT, VAT, VSR, fasting plasma glucose, fasting plasma insulin, insulin sensitivity, AIR and DI). This was then used to adjust: (1) the SNPs with historic association with BMI and (2) all remaining SNPs. For SNPs prominent in the literature (for example, rs1421085, rs1121980, rs17817449, rs8050136, rs3751812 and rs9939609), a SNP-by-ethnicity interaction analysis for the association with BMI was computed. Specifically, a linear regression model was computed to test the SNP-by-ethnicity interaction, adjusting for admixture, age, gender, SNP and ethnicity. A global test of the SNP-by-ethnicity interaction (all ethnicities jointly) and the pairwise SNP-by-ethnicity pair interactions were computed (non-Hispanic Whites versus Hispanic Americans, non-Hispanic Whites versus African Americans and Hispanic Americans versus African Americans). Interaction plots for each of the BMI-associated SNPs were generated using the least square means for BMI as implemented in SAS.
Results
A total of 26 SNPs within FTO intron 1, the region focused on previous studies, were genotyped and tested for association with adiposity and glucose homeostasis traits. Demographic statistics for the IRAS cohorts are summarized in Table 1 . Briefly, the non-Hispanic Whites, Hispanics and African Americans were similar in age and had comparable BMI, WAIST and WHR values. However, the non-Hispanic Whites were more insulin sensitive (insulin sensitivity ¼ 2.37±2.05) than both the Hispanic (1.92±1.97) and African Americans (1.91±1.88).
Power analysis was performed using the effect sizes found These ethnic-specific effect sizes for prominent SNPs associated in the literature were used to estimate the power of the non-Hispanic White and Hispanic American IRAS cohorts using a range of allele frequencies. The allele frequency for the six prominent SNPs was about 40% in the nonHispanic Whites and ranged between 25 and 30% in Hispanic Americans. Non-Hispanic Whites had 43% power to detect 0.12 s.d.s for variants with an allele frequency of 40%. Hispanic Americans had 43 and 47% power to detect 
Non-Hispanic White Americans
The non-Hispanic White association results under the bestfitting additive model for the FTO SNPs with adiposity and glucose homeostasis phenotypes are summarized in Table 2a .
All of the SNPs historically associated with obesity and measures of adiposity (that is, rs8050136, rs9939609, rs1121980, rs1421085, rs17817449 and rs3751812) were located within the same LD block at the 3 0 end of the FTO intron 1 (see Supplementary Figure 1 ). These SNPs, denoted by b, as well as other variants within this LD block, were associated with BMI (P-values ranging from 0.015 to 0.048) and AIR (P-values ranging from 0.012 to 0.048). The minor allele for those SNPs prominent in the literature was consistently associated with an increased BMI and AIR under the additive model (Supplementary Table 1 ). For example, individuals with one copy of the minor allele for the most significantly associated BMI SNP (rs1421085) had a 1.12 kg m À2 increase in BMI, whereas adding an additional allele increased BMI by another 0.87 kg m
À2
. Individuals with one copy of the minor allele for the most significantly associated AIR SNP (rs1121980) had a 48 pmol l À1 increase in AIR, whereas the addition of another minor allele increased AIR by another 136 pmol l
À1
. None of the non-a priori SNPs were statistically significant at the non-Hispanic White Bonferroni threshold of 0.001 for the non-a priori SNPs and phenotypes.
Hispanic Americans
The Hispanic American association analysis results for FTO variants and adiposity and glucose homeostasis phenotypes under the additive model are depicted in Table 2b . All of the historically associated SNPs clustered in the second LD block near the 3 0 end of FTO intron 1, except for rs9939609 (see Supplementary Figure 2 ). Variants within this LD block were statistically significantly associated with BMI (P-values ranging from 7.1 Â 10 À6 to 3.6 Â 10
À3
) and WHR (P-values ranging from 0.011 to 0.031). The minor allele for those SNPs prominent in the literature (SNPs denoted with asterisks) was associated with an increased BMI under the additive model (Supplementary Table 1 ). Individuals with one copy of the minor allele for the most highly associated SNP (rs3751812) had a 1.4 kg m À2 increase in BMI, and the addition of another allele caused an additional 3.8 kg m À2 increase. Four SNPs (rs8047395, rs10852521, rs8057044 and rs8044769) remained statistically significant (P-values ranging from
) at the Hispanic American Bonferroni threshold of 9.1 Â 10 À4 for the non-a priori SNPs and phenotypes. The historically associated BMI SNPs were not associated with measures of glucose homeostasis; however, other SNPs (rs8047395, rs10852521, rs8057044 and rs8044769) within this LD block were trending or marginally associated with AIR (P-values ranging from 0.017 to 0.075) and DI (P-values of 0.027 and 0.065; Table 2b ). These SNPs were no longer associated after accounting for multiple comparisons.
African Americans
The African American association analysis results (Table 2c) of FTO variants with adiposity and glucose homeostasis phenotypes under the additive model were not consistent with the results found for the non-Hispanic Whites and Hispanic Americans. The African Americans also had a different LD pattern, with prominent SNPs in the literature, except rs1421085, clustered in the fourth and fifth LD blocks (see Supplementary Figure 3) . None of the SNPs prominent in the literature were associated with BMI. However, there were four other moderately correlated SNPs (r 2 between 0.3 and 0.6) within the third and fourth LD blocks that were associated with BMI (rs8047395, rs10852521, rs8057044 and rs8044769; with P-values ranging from 2.4 Â 10 À3 to 0.039).
In addition, two SNPs (rs16952508 and rs1108102) at the 5 0 end of intron 1 were associated with BMI (P-values of 0.013 and 5.4 Â 10 À4 , respectively). These two SNPs were not correlated with the historically associated BMI SNPs. Several SNPs were associated or trending towards association with AIR (P-values ranging from 7.0 Â 10 À3 to 0.074) in the LD blocks three and four, including three of the SNPs prominent in the literature (Table 2c ). The effects of SNPs on measures of BMI and AIR are illustrated in Supplementary Table 1 .
Except for the association of rs1108102 with BMI noted above, none of the non-a priori SNPs reached the African American Bonferroni threshold of statistical significance of 6.0 Â 10 À4 for either adiposity or glucose homeostasis
measures. An SNP-by-ethnicity interaction analysis was performed to address the lack of association of historically associated FTO intron 1 variants with BMI in the African American cohort ( Table 3 ). The results of this analysis indicated that there is statistically significant evidence that the phenotypic effect of the SNP on BMI differs by ethnicity. This was seen for all of the SNPs with historic BMI association (P-values ranging from 5.2 Â 10 À4 to 0.035) when comparing all ethnicities.
The effect of ethnicity on BMI in African Americans was more statistically significant when compared with Hispanic Americans (P-values ranging from 1.0 Â 10 À4 to 0.012) than when compared with non-Hispanic Whites (P-values ranging from 0.015 to 0.084). The difference between non-Hispanic Whites and Hispanic Americans was not significant for all SNPs, except for trending towards association with rs3751812 (P-value of 0.075). Plotting the BMI genotypic
The FTO gene in a multiethnic sample MR Wing et al The FTO gene in a multiethnic sample MR Wing et al means for each ethnicity clearly illustrates the differences between the cohorts (Figure 1) . African Americans had a clear shift in the mean of BMI by genotype when compared with non-Hispanic Whites and Hispanic Americans.
Discussion
In the IRAS cohorts, 26 SNPs were analyzed for association with measures of adiposity and glucose homeostasis. These SNPs included variants prominent in the literature, rs9939609, 1 rs8050136, 4, 6 and rs1121980, rs1421085, rs17817449 and rs3751812. 
Non-Hispanic White Americans
Non-Hispanic Whites illustrated nominal association with all of the historically associated FTO intron 1 SNPs with BMI (P-values ranging from 0.015 to 0.048). However, the other SNPs in this region did not pass the modified Bonferroni correction for multiple comparisons. Other studies have consistently replicated the association of one or more of these SNPs in European-derived populations 1,2,5,7-10 and European Americans. 3, 11 The minor allele frequencies for The FTO gene in a multiethnic sample MR Wing et al these SNPs in the non-Hispanic Whites (41-44%) were comparable with previous reports (39-49%). [1] [2] [3] [4] 6 In addition, the magnitude and direction of the effects for BMI (0.14-0.16) in the IRAS non-Hispanic Whites were comparable with those found in the literature (0.08-0.19).
1-3
FTO intron 1 variants also showed evidence of association with AIR (P-values ranging from 0.012 to 0.048), although these SNPs were no longer significant after accounting for multiple comparisons. Several reports in Europeans have shown modest association with AIR. A cohort of Swedish obese children showed trending towards association with AIR calculated using the minimal model approach. 26 Two other studies showed borderline significant associations with oral glucose tolerance test (OGTT)-derived measures for AIR (BIGTT-AIR). 5, 27 However, these studies differ from the present study because the glucose homeostasis measures were not adjusted for BMI.
Hispanic Americans
The IRAS Hispanic Americans showed stronger evidence of association between FTO intron 1 SNPs and BMI (P-values ranging from 7.1 Â 10 À6 to 3.6 Â 10
À3
) than two previously studied Hispanic populations. 3, 15 These results are consistent with our previously described results from a Hispanic sample in the IRASFS. 16 In addition, four moderately to highly correlated SNPs (r 2 ranging from 0.68 to 0.9) were still significantly associated with BMI after adjustment for multiple comparisons. These SNPs were moderately correlated (r 2 from 0.37 to 0.74) with the six historically associated SNPs in non-Hispanic White populations. This suggests that these SNPs are most likely in LD with the causal variant, which is also correlated with the historically associated BMI SNPs. Minor allele frequencies in the Hispanic Americans of IRAS (23-30%) were comparable with frequencies seen in other Hispanic populations (20-30%), 3, 15, 16 but slightly lower than those observed in European-ancestry populations (39-49%). [1] [2] [3] [4] 6 The magnitude and direction of the effects of the historically associated SNPs on BMI (0.21-0.35) were higher than those reported in the literature for Hispanic and Europeans (0.08-0.19). [1] [2] [3] For the glucose homeostasis measures in the IRAS Hispanic Americans, there were several SNPs trending or associated with AIR (P-values ranging from 0.017 to 0.075) and DI (P-values of 0.027 and 0.065). However, after multiple comparison adjustment, these associations were no longer significant. The only other studies of FTO and glucose homeostasis in Hispanics have been with our IRASFS. One study in the IRASFS Hispanic Americans showed no evidence of association of rs8050136 with glucose homeostasis measures. 28 The other more in-depth study of FTO intron 1 variants illustrated SNPs associated with AIR and DI in the same region as rs8050136, but there was little overlap between this study and our IRAS investigation. 16 Only one SNP (rs10852521) showed consistent results, with trending towards association with AIR in both the IRAS Hispanics (P-value of 0.075) and the IRASFS Hispanic Americans (P-value of 0.056). 16 
African Americans
We failed to replicate the historic association of FTO intron 1 SNPs in the IRAS African Americans. However, there were five variants (rs16952508, rs1108102, rs8047395, rs10852521, rs8057044 and rs8044769) in the FTO intron 1 region that were associated with BMI (P-values ranging from 5.4 Â 10 À4 to 0.039). Few previous studies have investigated the role of FTO SNPs in African Americans. Our group has found nominal associations with BMI for the variants rs8050136 and rs9939609. 16 Two studies have reported evidence of association with BMI in African American children, one with rs3751812, 29 and the other with rs8057044. 30 Another study in adults has also shown association of rs3751812 and an additional SNP, rs9941349. 31 However, three other studies were unable to replicate association with one or more of the historically associated SNPs in African Americans 3,15 and
Africans. 32 In this study, the five SNPs that were associated with BMI were not highly correlated (r 2 ranging from 0.04 to 0.34) with those variants historically associated in the literature. Our recent study in the IRASFS African Americans illustrated that three of these five SNPs (rs8047395, rs10852521 and rs8057044) were associated with BMI (P-values ranging from 0.024 to 0.045) under the dominant model, with borderline significant association with BMI (P-values ranging from 0.053 to 0.10) under the two degree of freedom model, but were not associated under the additive model. 16 None of these SNPs were associated after adjustment for multiple comparisons. There was only one SNP that passed the multiple comparisons threshold, rs1108102. This SNP had very low correlation with the historically associated SNPs (r 2 ranging from 0 to 0.06). However, this SNP was not associated in our study in IRASFS African Americans. 16 Further replication in other African American cohorts is needed to determine whether this SNP may influence BMI independently of the other historically associated SNPs. The lack of association of SNPs prominent in the literature within the IRAS African Americans could be because of differences in the genetic structure between ethnicities or a smaller sample size (n ¼ 288). Although there was limited power (12-30%) to detect association between FTO intron 1 SNPs in the African Americans, a SNP-by-ethnicity interaction also illustrates that there is statistical evidence that the historically associated SNPs' effect on BMI differs depending on the ethnicity. This indicates that African Americans may truly have a different genetic architecture when compared with other ethnicities, which would explain the lack association in the IRAS African Americans as well as the lack of consistency of association studies in the literature for SNPs historically associated with BMI.
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The value of comparative studies: multiethnic samples This study illustrates the potential power of genetic analysis in multiethnic cohorts. The different evolutionary histories of these populations have resulted in differences in genetic structure between ethnically diverse populations. Thorough analysis of other ethnicities can also identify ethnic-specific patterns of association. 33, 34 The IRAS, the focus of work here, is especially appropriate as ascertainment and recruitment were performed using a common research design. Studies in African Americans and Hispanic Americans are especially relevant as they have the highest rates of obesity 35 38 We have demonstrated this approach with comparative LD mapping in the TCF7L2 gene and diabetes. 39 In addition, 'comparative genomics' approaches can provide insight into the origins of disease risk in populations. For example, we have shown that polymorphisms that are compellingly associated with type 2 diabetes in Europeanderived populations show, at best, little evidence for association in African Americans. 40 These results, however, are balanced by the observation that multiple risk SNPs in Europeans approach being monomorphic, or are monomorphic, for the risk allele in African populations. Thus, variation in one ethnicity likely provides information about the origins of risk in a second population of a very different structure.
The lack of association of FTO intron 1 SNPs with BMI in the African Americans in this study may be due, in part, to differences in body composition between ethnicities. BMI, although the most popular trait for association with obesity, is highly correlated with both fat mass and lean mass. Studies have shown that at similar BMI values, African Americans have higher fat-free mass (bone mineral density and skeletal muscle mass) than non-Hispanic Whites. 41 In addition at similar BMI levels, African Americans carry less visceral fat when compared with non-Hispanic Whites and Hispanic Americans. 42 These differences suggest that ethnic-specific cutoffs are necessary for current obesity measures in relation to disease. 43 This study also illustrates the importance of being mindful of ethnic differences in phenotypes when testing for genetic association.
Conclusion
This study investigated the association of 26 FTO intron 1 variants with measures of adiposity and glucose homeostasis in a multiethnic cohort. Standard ascertainment and examination of non-Hispanic White, Hispanic and African
American subjects allowed for a unique opportunity to compare the association results between ethnicities and reduced potential bias. For glucose homeostasis traits, non-Hispanic Whites showed nominal evidence of association of AIR with SNPs prominent in the literature. African American showed less consistent association with AIR, with only three of the six SNPs illustrating marginal evidence of association. Hispanic Americans showed no association with glucose homeostasis traits for these SNPs. Accounting for multiple comparisons removed the evidence of association with glucose homeostasis. Further studies are necessary to determine whether FTO intron 1 SNPs have an effect on glucose homeostasis traits independent of BMI.
Consistent with previous studies that included nonHispanic Whites, Hispanics and African Americans, we replicated the association of FTO variants with BMI in the non-Hispanic White and Hispanic Americans, but not in African Americans. In addition, in Hispanic Americans, we identified four variants that were still significant after accounting for multiple comparisons. These results add to the growing evidence that common variants in intron 1 of FTO predispose non-Hispanic Whites and Hispanic Americans to obesity. This study also suggests that the genetic architecture of obesity related to FTO is different in African Americans.
